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Abstract: The goal of this study was to determine whether peripheral oxygen delivery and 
efficacy of alveolar-arterial oxygen (A-a O
2
) transfer, as estimated from the A-a O
2
 pressure 
gradient, are compromised in Holstein calves at moderate altitude. The primary objective was to 
evaluate age-related changes in arterial blood-gas variables, L-lactate, and hematocrit in healthy 
calves. The secondary objective was to determine if coughing and nasal discharge, commonly 
used indicators of respiratory disease, are associated with A-a O
2
 gradient. Arterial blood-gas 
tensions were evaluated in a cohort of 61 dairy calves on one farm at moderate altitude (1,601 m 
to 1,696 m). Sampling was performed on four occasions at approximately 10, 38, 150, and 
261 days of age. Hyperventilation, as indicated by hypocapnia, was evident in calves of all ages. 
Increasing age was associated with a nonlinear increase in arterial oxygen tension (P,0.001) 
and a nonlinear decrease in A-a O
2
 gradient (P,0.001). The mean A-a O
2
 gradient at 10 and 
38 days of age was over 18 mmHg, indicating poor efficacy of oxygen transfer. Cough score 
(P=0.02) but not nasal score (P=0.32) was associated with an in increase in A-a O
2
 pressure 
gradient. Mean hematocrit remained low (,27%) despite hypoxemia. From 38 days of age, 
median L-lactate concentration remained over 1.5 mmol/L, indicating substantial anaerobic 
respiration due to inadequate oxygen delivery. Twenty-five percent of calves were treated for 
respiratory disease. The maximum age at first treatment was 102 days. In conclusion, there 
was a nonlinear improvement in A-a O
2
 transfer efficacy with increasing age, but peripheral 
oxygen delivery remained compromised. Hyperventilation and impaired A-a O
2
 transfer due 
to functional immaturity of the pulmonary system may be risk factors for respiratory disease 
in dairy calves at moderate altitude.
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Introduction
According to the US Geological Survey there are six US states with a mean altitude of 
over 1,500 m: Colorado, Idaho, Nevada, New Mexico, Utah, and Wyoming. These six 
states account for 12.6% (1.16 million) of all milking cows in the US (9.22 million).1 
This means that over 1 million calves are born and raised at moderate altitude. 
 However, characterization of arterial blood-gas variables in healthy Holstein calves 
at  moderate altitude is lacking. Prior studies have been performed at low altitude and 
usually focused on one age group.2–5
A previous study undertaken in beef calves between 1 and 6 months of age at 
an altitude of over 2,410 m was suggestive of inadequate provision of oxygen to 





 transfer efficacy can be evaluated by estimating the A-a O
2
 pressure gradient. 





Impairment of A-a O
2
 transfer is proportional to the A-a O
2
 
pressure  gradient: the higher the A-a O
2
 pressure gradient the 
less oxygen is transferred to the blood for a given  ventilation 
rate. The goal of this study was to determine whether 
peripheral oxygen delivery and efficacy of A-a O
2
 transfer 
is compromised in dairy calves at moderate altitude, as it 
appears to be in beef calves at high altitude.6 Adequacy of 
peripheral oxygen delivery was determined by measurement 
of L-lactate, a product of anaerobic respiration.
Coughing and nasal discharge are clinical signs commonly 
used by veterinarians and farmers in making a diagnosis of 
bovine respiratory disease (BRD).7 However, there is limited 
information regarding how these  clinical indicators impact 
the efficacy of alveolar-arterial gas exchange. Therefore, the 
primary objective of this study was to evaluate age-related 
changes in arterial blood-gas variables. The secondary objec-
tive was to evaluate arterial blood-gas variables in association 
with nasal discharge and occurrence of coughing.
Materials and methods
study herd
A cohort of Holstein-Friesian calves of a northern Colo-
rado dairy herd with approximately 1,370 milking animals 
was followed. The study was approved by the Colorado 
State  University Animal Care and Use Committee. Calves 
were born to both heifers and cows. Only heifer calves 
were enrolled in this study because bull calves were sold 
within several days of birth. Four weeks prior to calving, 
cows and heifers were given an intranasal modified live 
respiratory disease vaccine offering protection against 
Bovine herpesvirus 1 (infectious bovine rhinotracheitis), 
Bovine respiratory syncytial virus (BRSV), and Bovine 
parainfluenza virus 3 (INFORCE 3; Zoetis Animal Health, 
Florham Park, NJ, USA) and an  Escherichia coli J5 bac-
terin  vaccine  (Enviracor J-5; Zoetis Animal Health). At 
birth and at weaning, when approximately 8 to 9 weeks old, 
calves were given an intranasal administration of a modified 
live vaccine offering protection against infectious bovine 
rhinotracheitis, Bovine parainfluenza virus 3, and BRSV 
(INFORCE 3; Zoetis Animal Health). Calves were given 
a live culture  Salmonella Dublin vaccine  (EnterVene-d; 
Boehringer Ingelheim Vetmedica Inc., St Joseph, MO, 
USA) when approximately 2 weeks old. A modified live 
respiratory disease vaccine (Bovishield Gold FP 5; Zoetis 
Animal Health) and a bacterin-toxoid vaccine offering 
protection against seven species of Clostridium  (Bar-Vac 7; 
 Boehringer Ingelheim Vetmedica Inc.) were given to calves 
when approximately 4 to 5 months old.
A calving difficulty score was recorded by the calving 
attendant; values ranged from 1, no assistance required, 
to 5, caesarean section delivery required. A calf score of 3 
indicated a “hard pull” by the calving attendant.
calf management
Calves were fed 2 L of colostrum on three occasions: at birth 
and then 2 hours and approximately 12 hours later. Only 
colostrum with a Brix refractometer value $22%, equivalent 
to 50 g/L IgG,8 was refrigerated for use. Colostrum was used 
within 2 days of collection.
Calves were housed in individual hutches until 2 to 
3 months of age, when they were weaned and moved to small 
pens of approximately eight calves. Calves were bucket fed 
3 L of pasteurized “waste” milk twice per day until 3 weeks 
old and then 5–6 L once per day until 7 to 8 weeks old. 
Calves were also bucket fed approximately 2 kg of mixed 
grains once per day until 4 months old, when they had ad 
libitum access to a total mixed ration. The grain mix primar-
ily consisted of rolled oats, barley, corn and a coccidiostat: 
lasalocid (Bovatec; Zoetis Animal Health).
Serum total protein concentrations of heifer calves, 
2 to 7 days old, were routinely evaluated on the dairy using 
a refractometer. This method is excellent for herd monitor-
ing purposes and provides a reasonably accurate assessment 
of immunoglobulin transfer status.9 Serum total protein 
concentrations were recorded and evaluated for adequacy 
of immunoglobulin transfer. At approximately 6 months 
of age the calves were transported 20 km north to a heifer 
raising facility situated at an altitude approximately 100 m 
higher than the dairy farm. The fourth test was performed 
at this facility.
calf sampling
Heifer calves born on the dairy from August 3 to August 28, 
2012 were sampled on four occasions, targeted at 1 week, 
1 month, 5 months, and 9 months of age (Table 1). These 
ages were chosen in order to evaluate how arterial blood-gas 
variables change during the transition out of the neonatal 
period. Samples and measurements taken on each occasion 
included an arterial blood sample, rectal temperature, and 
an assessment of nasal discharge and coughing, whether 
 spontaneous or induced by gently pinching the trachea below 
the larynx. Calves remained on site for the first three test 
periods. For the first two testing periods the calves were man-
ually restrained in a standing position. During the third and 
fourth testing periods calves were restrained using headlocks 
and a chute, respectively. Collection of all  measurements, 
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including the blood sample, took approximately 5 minutes per 
calf and no longer than 10 minutes. An arterial blood-draw 
is a minimally invasive and rapidly performed procedure. 
Therefore any effect of restraint on the A-a O
2
 gradient was 
likely to have been minimal.
Blood collection
Blood was collected from the coccygeal artery using a 
22 gauge, 2.54 cm (1″) hypodermic needle. The bovine coc-
cygeal artery is a suitable source for blood-gas analysis.10,11 
Syringes were heparinized with approximately 0.25 mL 
of sodium heparin (1,000 IU/mL). The plunger of each 
syringe was pulled back to the 3 mL mark, coating the inner 
chamber surface with heparin. Heparin was then expelled 
several times so that only the needle hub contained heparin. 
Approximately 2.5 mL of blood was collected in a 3 mL 
syringe. Dilution of the blood sample ,10% is sufficient 
to minimize preanalytic error.12 Therefore, given that the 
syringes contained ,0.25 mL of heparin following expulsion, 
preanalytic error due to dilution of the blood sample was 
minimized. The sample was discarded if during collection the 
flow of arterial blood was interrupted. Air bubbles within the 
blood were immediately expelled and the first several drops 
of blood discarded before immediate analysis, which was 
performed using a handheld analyser (VetScan i-STAT 1; 
Abaxis, Union City, CA, USA). Blood-gas tensions were 






























 is estimated alveolar O
2
 tension (mmHg); PaO
2
 
is measured arterial O
2
 tension (mmHg); PaCO
2
 is measured 
arterial CO
2
 tension (mmHg); RQ is respiratory quotient 
(0.9);15,16 FiO
2
 is fraction of inspired O
2
 (0.21); BP is mea-
sured barometric pressure (mmHg); and pH
2
O is water vapour 
pressure at body temperature (52.4 mmHg at 39°C).
clinical signs
Two calf husbandry supervisors monitored calves for signs of 
ill health every day from birth to the final day of testing: the 
first supervisor monitored calves from birth to, and inclusive 
of, the third test; the second supervisor monitored calves from 
arrival at the offsite heifer raising facility to the fourth test. 
According to herd protocol, calves are diagnosed and treated 
for BRD if they have a rectal temperature $39.7°C, rapid 
breathing, abnormal discharge around the nose, harsh lung 
sounds, and coughing. Veterinarians also assessed calf health 
on a weekly basis as part of the Colorado State University dairy 
field service rotation. Signs of ill health along with the date and 
description of all treatments were recorded in DairyCOMP 305 
(Valley Agricultural Software, Tulare, CA, USA).
At the time of each test a “nasal score” and a “cough 
score” were assigned based on the criterion specified in 
Table 2. No coughing, whether spontaneous or after gently 
pinching the trachea below the larynx with forefinger and 
thumb, was assigned as cough score of 1. A single cough, 
elicited after gently pinching the trachea, was assigned a 
score of 2. A cough score of 3 was assigned if multiple 
coughs were induced by a tracheal pinch. A cough score of 
4 was assigned if spontaneous coughing was evident and not 
induced by tracheal pinch.
statistical analysis
Statistical analyses were performed using STATA 
 version 12 (Stata Corporation, College Station, TX, USA). 
 Generalized estimating regression equations, which account 
for repeated measures, were used with an exchangeable 
Table 1 The sampling dates, mean calf ages, and number of calves 
sampled according to test
Test Altitude, m na nb Dates when sampled Mean  




62 55 August 17–september 1,  
2012
9.8±4.0
2 1,601 62 55 september 21–28, 2012 38.4±6.3
3 1,601 54c 54c January 4–20, 2013 150.3±4.2
4 1,696 
(5,565 ft)
55 55 May 3, 2013 260.5±8.0
Notes: anumber of calves sampled; bnumber of calves included in the analysis; cone 
calf during the third test was missing at the time of sampling and subsequently found 
to be in another pen.
Abbreviation: sD, standard deviation.
Table 2 nasal discharge and cough scoring criteria
Nasal or  
cough score
Clinical signs of nasal  
discharge
Clinical signs of  
coughing
1 Clear serous fluid no coughing
2 Unilateral cloudy discharge induced cough (one  
cough only)
3 Bilateral cloudy discharge or  
excessive mucous or both
induced cough ($ two 
coughs)




Note: A separate score was assigned for nasal discharge and coughing.





 correlation matrix: first, to evaluate the relationship between 







) and second, to assess for statis-
tically significant differences in arterial blood-gas variables 
over time in calves with a cough score of 1 (no cough) at 
the time of sampling that had not received any treatments 
for BRD prior to the test period. Eight variables were evalu-
ated for association with age; body temperature was not 
evaluated (Table 3). In order to achieve a family-wise type 
one error risk of 0.05, Bonferroni correction of statistical 
values was applied; a probability value ,0.006 was required 
for variation in the dependent variable between test periods 
to be considered statistically significant (Table 3). Serum 
total protein and the categorical variable, calving difficulty 
score, were included in all generalized estimating regres-
sion analyses to account for potential confounding with the 
dependent variable. If residual errors were nonnormally 
distributed, a Skillings–Mack test was used to assess for 
any statistical difference among test periods.17 If statistically 
significant, Box–Cox regression analysis was performed 
to determine the appropriate power transformation of the 
dependent variable. Generalized estimating equations were 
then used to assess for statistically significant differences 
between tests. Statistics are reported as mean ± standard 
deviation (SD).
Results
A cohort of 61 calves was followed. Of those, 55 calves 
were included in the final analysis (Table 1). Six calves were 
excluded from the dataset. According to herd records two 
twin calves were sold because of chronic BRD and small 
size. However, one of the twin calves was diagnosed by 
auscultation to have a ventricular septal defect. Four calves 
died during the study: two from presumed BRD, one from a 
ventricular septal defect, and one from an injury.
calving
Of the 55 calves, 43 (78%) were born with no assistance 
(calving difficulty score 1), eleven (20%) were born with 
minimal assistance (calving difficulty score 2), and one 
calf (2%) was a “hard pull” (calving difficulty score 3). 
Calves that required minimal assistance were 1.27±0.50 kg 
(mean ± SD) heavier (P=0.02) than calves requiring no 
assistance during delivery. The single calf requiring extensive 
assistance was abnormally presented.
immunoglobulin transfer
Total serum protein concentrations ranged from 5 g/L to 
8.9 g/L with a mean of 6.5±0.8 g/L. Only three calves had 
total serum proteins #5.2 g/L.
Physiological parameters
Only calves with a cough score of 1 (no cough) at the time 
of testing that had not been previously treated for BRD were 
included in the descriptive statistics of blood-gas parameters 
(Table 3). Calves that had a cough, whether spontaneous or 
induced by pinching of the trachea, were excluded because 
coughing significantly influenced PaO
2
 and A-a O
2
  gradient. 
The number of calves tested varied among test periods 
Table 3 Mean ± sD values obtained from calves that had not 
been treated for respiratory disease prior to the test and had a 
cough score of 1 (neither spontaneous nor induced cough)
Item Test n* Mean ± SD


































l-lactate,** mmol/l 1 52 (0.37, 0.68, 0.91, 1.41, 3.22)a
2 11 (0.32, 0.75, 1.66, 2.34, 9.43)b
3 36 (0.35, 0.78, 1.54, 2.06, 5.21)a
4 16 (1.07, 2.15, 3.20, 4.05, 5.98)b
Oxyhemoglobin 
saturation,** %
1 52 (74.7, 88.7, 91.5, 93.4, 97.4)a
2 32 (79.4, 90.2, 92.2, 94.5, 96.1)a
3 40 (89.5, 94.8, 95.8, 97.0, 97.8)b
4 41 (91.0, 95.1, 95.9, 97.1, 98.2)b
Notes: a–cMeans for a common variable with different superscripts differ (P,0.006); 
*number of calves sampled that met the inclusion criteria; **Minimum, 25th percentile, 
median, 75th percentile, and maximum values; Data not normally distributed.
Abbreviations: A-a O2, alveolar-arterial pressure gradient; hcO3, bicarbonate; 
PacO2, arterial cO2 tension; PaO2, arterial O2 tension; sD, standard deviation.
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because the prevalence of calves with a cough score greater 
than 1 varied among test periods.





] ,40 mmHg),2–4 was evident and did 
not vary with age (P=0.13). Median L-lactate levels remained 
over 1.5 mmol/L from test 2, indicating substantial anaerobic 
respiration was occurring. Mean hematocrit remained low 
(,27%) throughout the study period.
Age had a nonlinear association with the A-a O
2
 gradi-
ent (P,0.001) (Figure 1) and PaO
2
 (P,0.001) (Figure 2). 
Pairwise correlation coefficients of A-a O
2
 gradients ranged 
from 0.03 to 0.32 and were statistically nonsignificant. Only 
two of 55 (4%) calves had an A-a O
2
 gradient ,10 mmHg 
during the first test, when approximately 1 week old. By 
the second test, when approximately 5 weeks old, five of 
55 (9%) calves had an A-a O
2
 gradient ,10 mmHg. At the 
third test, when approximately 5 months old, 33 of 54 calves 
(61%) had A-a O
2
 gradients ,10 mmHg. At the fourth test, 
when approximately 9 months old, 35 of 55 (64%) of calves 
had A-a O
2
 gradients ,10 mmHg. Ten calves (19%) had an 
estimated A-a O
2
 gradient ,0 mmHg at the third test and 
also at the fourth test. This is physiologically impossible and 
indicates measurement error.
Treatment for respiratory disease
Prior to the fourth test at approximately 260 days of age, 
14 of the 55 calves (25%) received at least one treatment 
for BRD (Table 4). Two of the calves treated for BRD 
were also subsequently treated for bloat. None of the 
calves with the ten lowest A-a O
2
 gradients (,16 mmHg) 
at test 1 were treated for BRD. Of these ten calves, five 
(50%) had an A-a O
2
 gradient ,16 mmHg throughout the 
study period.
nasal and cough scores
The prevalence of calves with a nasal score of 1 (clear, serous 
fluid) decreased from test 1 (55 of 55, 100%) to test 4 (30 of 
55, 55%). Nasal scores 2 and 3 increased from a prevalence 
of 11% (six of 55) and 5% (three of 55) at the second test 
to a prevalence of 33% (eleven of 54) and 13% (six of 54) 
at the fourth test, respectively. No calves had a nasal score 
of 4 (Figure 3).
The prevalence of induced or spontaneous coughing was 
generally low (0% to 4%), except during the second test 
(33%). During the first test, 4% of calves (two of 55) had 
a cough score of 2. During the third test, one calf (2%) had a 
cough score of 3, and one calf had a score of 4 (2%). All 
55 calves (100%) had a cough score of 1 during the fourth 
test. Coughing was most prevalent during the second test: 
four calves (7%) had a score of 2, seven calves (13%) 
had a score of 3, and seven calves (13%) had a score of 4 
(Figure 4).
Cough score was associated with both A-a O
2
 pressure 
gradient (P=0.02) and PaO
2



































Figure 1 Alveolar-arterial oxygen pressure gradient in calves by age.
Notes: Dots represent estimated values; Values less than 0 mmhg are physiologically 
impossible and indicate measurement error; The respiratory quotient used was most 
likely unsuitable for older calves; The dashed line represents predicted alveolar-



























Figure 2 Arterial oxygen tension in calves by age.
Notes: Dots represent measured values; Dashed line represents predicted arterial 
oxygen tension fitted values (mmHg) =56.10 + 0.16*age − 0.0003*age2.
Table 4 The number of calves according to the number of 
treatments received for respiratory disease and age of first 
treatment
Number of  
treatments
Number of calves Age at first  
treatment, days
0 41 (75%) –
1 12 (22%) (7, 31.5, 43.5, 91.5, 102)a
2 1 (2%) 25
3 1 (2%) 27
Note: aMinimum, 25th percentile, median, 75th percentile, and maximum values.





for age. Calves with a cough score of 3 had an A-a O
2
 
pressure gradient that was 8.0±2.8 mmHg higher than 
calves with a cough score of 1 (P=0.005). Calves with 
cough scores of 2 and 4 had A-a O
2
 pressure gradients that 
were 2.5±3.3 mmHg (P=0.44) and 3.9±2.8 mmHg (P=0.17) 
higher than calves with a cough score of 1, respectively, 
but neither achieved statistical significance. Cough scores 
of 3 and 4 were associated with a decrease in PaO
2
 of 
8.9±3.2 mmHg (P=0.006) and 7.5±3.2 mmHg (P=0.02) 
relative to a cough score of 1, respectively. Calves with a 
cough score of 2 had a PaO
2
 that was 2.6±3.8 mmHg lower 
than calves with a score of 1, but this was not a statistically 
significant difference (P=0.49). Nasal score was not associ-
ated with A-a O
2
 (P=0.32).
Calves with cough scores $2 had rectal temper-
atures 0.2°C±0.1°C higher than calves with a cough 
score of 1 (P=0.03). Calves with nasal scores $2 did not 
have higher rectal temperatures than calves with a nasal 
score of 1 (P=0.47). Rectal temperature was not correlated with 




Previous research conducted on beef calves between 1 and 
6 months of age at an altitude of 2,410 m found that provi-
sion of oxygen to peripheral tissues was compromised.6 The 
results of our study suggest that the same may be true in 
Holstein dairy calves at moderate altitude. From 5 weeks of 
age, median L-lactate levels remained over 1.5 mmol/L, indi-
cating substantial anaerobic respiration. The concentration 
of L-lactate in healthy cattle and calves is ,1.5 mmol/L.18,19 
Remarkably, despite hypoxemia and substantial anaerobic 
respiration, mean hematocrit remained low (,27%). Lack 
of a hypoxia-induced increase in hematocrit has also been 
reported in beef calves.6 Why hematocrit fails to increase 
is unclear.
Hypocapnia, a consequence of hyperventilation, was pre-
dominant among all calves in our study, irrespective of age. 
This may be a consequence of the moderately high altitude 
at which the calves were tested. The mean PaCO
2
 in calves at 
altitudes approximating sea-level has been reported to be over 
42 mmHg.2,4,5 Hyperventilation and the associated increased 
volume of airflow through the bronchial tree results in greater 
potential for exposure to a greater load of airborne pathogens 
or stressors, such as dust and dry air, that may sufficiently 
compromise the respiratory defenses for opportunistic patho-
gen infection to occur. If ventilatory workload is a risk factor 
for BRD, as we suggest, the incidence of BRD in dairy calves 
should be positively associated with altitude. With increas-
ing altitude, the already small pulmonary reserve of calves 
is further reduced; a greater ventilatory workload is required 
to deliver the same amount of O
2
 into the pulmonary circula-
tion. Calves of the Belgian White and Blue “double-muscled” 
breed are more susceptible to BRD than conventional breeds, 
not because of a breed-associated immune incompetency,20 
but rather because of a smaller cardiopulmonary reserve than 
conventional breeds.15,21
At 1 and 5 weeks of age, mean A-a O
2
 pressure gradients 
were high (.18 mmHg), indicating that the efficacy of A-a O
2
 
transfer was poor. This may be due to functional immaturity of 
the cardiopulmonary system. An increase in PaO
2
 and a reduc-
tion in A-a O
2
 pressure gradient in association with increasing 
age has been previously reported in Friesian calves studied 
at low altitude.2 An A-a O
2
 pressure gradient .10 mmHg is 
an indicator of poor O
2
 transfer due to ventilation–perfusion 
mismatching, diffusion impairment, or right-to-left vascular 
shunt.22 At 5 and 9 months of age the majority of calves had 
A-a O
2
 pressure gradients that were within normal limits 
(,10 mmHg). However, ten calves fell below 0 mmHg, which 




























































Figure 4 Percentage of calves with cough scores 1 to 4 during test periods 1 to 4.
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error, which likely occurred because the estimated respiratory 
quotient (RQ) used in our study was lower than the true RQ. 
The true mean A-a O
2
 pressure gradient at 5 and 9 months 
of age was likely higher than the reported mean. An RQ 
value at rest of 0.9 was used based on the results of previ-
ous studies.15,16 The RQ is the ratio of CO
2
 production to O
2
 
consumption and is dependent on diet; a diet high in fat is 
associated with a significantly lower RQ in cattle than a diet 
low in fat.23 The diet of calves within a given age group or 
test period was the same.  Therefore, for a given test period, 
RQ was likely similar among calves and measurement error 
nondifferential. However, diet varied among test periods; 
consequently, RQ and the degree of measurement error 
probably differed among age groups. Our study highlights 
the need for further evaluation of calf pulmonary physiology 
in field settings. Estimation of A-a O
2
 pressure gradient in 
future studies should include measurement of the RQ. For 
the purposes of our study, the trend of a nonlinear improve-
ment in A-a O
2
 transfer efficacy with age is still valid since 
there was a nonlinear increase in PaO
2
 with age even though 
arterial CO
2
 did not vary with age.
The majority of calves treated for BRD throughout the 
study period had received a treatment prior to the second 
test, at age 5 weeks, when the vast majority of calves had 
an A-a O
2
 gradient .10 mmHg. Among all calves with an 
A-a O
2
 gradient .10 mmHg, the risk of BRD may be uni-
formly high. The greater the gradient, the poorer the efficacy 
of A-a O
2
 transfer and the greater the ventilatory effort 
required to achieve, or attempt to achieve, a given PaO
2
. 
In support of this conjecture, none of the calves with the ten 
lowest A-a O
2
 gradients (,16 mmHg) at the first test, when 
approximately 1 week old, were treated for BRD during the 
study. Belgian Blue calves with low maximal ventilation 
(the maximum amount of air that can be inhaled and exhaled 
in 1 minute) and low vital capacity (the maximum amount 
of air expelled from the lungs after a maximal inhalation) 
were found to be at increased risk of BRD.24 Further studies 
evaluating the physiological risk factors for BRD, such as the 
efficacy of alveolar-arterial gas exchange, are warranted.
The appearance of nasal discharge in calves was not 
statistically associated with impairment of A-a O
2
 transfer. 
Changes in the color, consistency, and quantity of nasal 
 discharge most likely reflect irritation of the nasal mucosa 
and have little bearing on the efficacy of alveolar-arterial 
gaseous exchange. However, we cannot say that copi-
ous bilateral mucopurulent discharge had no effect on 
the  outcomes of this study as no calf presented with such 
 clinical signs.
The prevalence of coughing was low except during test 2 
when calves were approximately 5 weeks old. Two of our 
findings suggest that the incidence of pathogen challenge in 
this age group may have been high. Firstly, a small but sig-
nificant increase in rectal temperature occurred in association 
with coughing. Secondly, coughing was significantly associ-
ated with an increased A-a O
2
 gradient and decreased PaO
2
, 
indicating a reduction in the efficacy of A-a O
2
 transfer. One 
of the many possible causes of the coughing is the viral agent 
BRSV, which is prevalent among young dairy calves25 and has 




This study of Holstein calves at moderate altitude found 
evidence of substantial hypoxia and poor A-a O
2
 transfer 
efficacy in calves at 1 and 5 weeks of age. Hyperventilation 
was evident in all calves irrespective of age. From 5 weeks 
of age median L-lactate levels remained over 1.5 mmol/L, 
indicating substantial anaerobic respiration. Cough score but 
not nasal score was associated with an increase in A-a O
2
 
pressure gradient. Twenty-five percent of calves were treated 
for BRD. The median and maximum ages of first treatment 
were 33 and 102 days, respectively, which coincided with the 
period of high A-a O
2
 pressure gradients. We speculate that 
hyperventilation and poor efficacy of A-a O
2
 transfer, which 
may be due to functional immaturity of the pulmonary sys-
tem, may be important risk factors for BRD in dairy calves 
at moderate altitude.
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